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Relationships between simultaneous occurrences of distinctive atmospheric easterly wave (EW) signatures that cross the south-
equatorial Atlantic, intense mesoscale convective systems (lifespan > 2 hour) that propagate westward over the western south-
equatorial Atlantic, and subsequent strong rainfall episodes (anomaly > 10mm·day−1) that occur in eastern Northeast Brazil
(ENEB) are investigated. Using a simple diagnostic analysis, twelve cases with EW lifespan ranging between 3 and 8 days and amean
velocity of 8m·s−1 were selected and documented during each rainy season of 2004, 2005, and 2006. These cases, which represent
50% of the total number of strong rainfall episodes and 60% of the rainfall amount over the ENEB, were concomitant with an accel-
eration of the trade winds over the south-equatorial Atlantic, an excess of moisture transported westward from Africa to America,
and a strengthening of the convective activity in the oceanic region close to Brazil. Most of these episodes occurred during positive
sea surface temperature anomaly patterns over the entire south-equatorial Atlantic and low-frequency warm conditions within the
oceanic mixing layer. A real-time monitoring and the simulation of this ocean-atmosphere relationship could help in forecasting
such dramatic rainfall events.
1. Introduction
The Northeast region of Brazil (NEB) is located between the
parallels 01◦S and 18◦S and the meridians 35◦W and 47◦W
(Figure 1(a)). The climatic regime is semiarid for more than
80% of the area and the region often experiences dramatic
droughts [1] and catastrophic floods (i.e., in May-June 2010
(http://www.lepoint.fr/monde/bresil-plus-de-1-000-disparus-
dans-les-inondations-dans-le-nord-est-22-06-2010-469027
24.php.)). The majority of the population lives along the
coast, where the rainfall regime is mainly under the influence
of the tropical oceanic climate [2–7]. The regular rainy
season occurs from January to June in the eastern part of
NEB localized between 2.5◦S–12.5◦S; 40◦W–35◦W (Figure
1(a)), with possible extensions of a few weeks before or after
this period due to substantial interannual variability and
distinctive subregional climate regimes. Diﬀerences in the
length or intensity of the rainy season are due by several
ocean-atmospheric processes or a combination of them.
Seasonal latitudinal migration across the equator of a
zonal band of rainfall which is linked to the Inter-Tropical
Convergence Zone (ITCZ) is the main mechanism of pre-
cipitation in this region [1]. The ITCZ reaches its south-
ernmost latitude (i.e., directly over the northern NEB) in
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Figure 1: (a) Spatial distribution of 682 rain gauges over ENEB. (b) 2004–2006 GPCP and in situ monthly rainfall (mm·day−1) averaged
over ENEB.
March-April in response to the seasonal warming of the
adjacent tropical Atlantic Ocean. The interannual variability
of the southward movement of the ITCZ is deeply aﬀected by
deviation of sea surface temperatures (SSTs) from their usual
seasonal conditions over the tropical Atlantic. Such physical
behavior is particularly important for the northern part of
NEB [1].
The NEB rainy season is also often modulated by north-
ward incursions of cold fronts coming from the South
Atlantic Ocean. These cold fronts, sometimes linked to the
strength of the episodic South Atlantic Convergence Zone
(SACZ), cross the NEB in the north-westward direction from
its southern coastline (8◦–12◦S) [8]. These events generate
atmospheric instability and contribute to increased precipi-
tation over all of NEB, especially in its midsouthern part.
Crossing the south-equatorial Atlantic basin from West
Africa to South America [9–11], the atmospheric easterly
waves (EWs) also constitute an important process in the
seasonal rainfall regime over NEB. These waves are often
associated with clusters of well-defined mesoscale convective
systems (MCSs) [12, 13] that propagate westward above
the oceanic basin reaching the NEB coast generating large
amount of rainfall. For instance, Hall [14] showed a relation-
ship between the passage of EWs and strong precipitation
over Ascension Island (7◦55 S, 14◦19W) fromMarch toMay;
Silvestre (unpublished material) and Torres and Ferreira
[15] noted that such atmospheric perturbations can reach
the NEB. Important for the rainfall in the eastern part of
NEB (hereafter called ENEB) [16, 17], such behavior in the
atmospheric circulation is the cornerstone of the present
research.
The main objective of this study was to identify ocean-
atmosphere phenomena that could be related to strong rain-
fall episodes over ENEB, defined here as the region limited by
2.5◦S–12.5◦S; 40◦W–35◦W (Figure 1(a)). A simple diagnostic
analysis was undertaken to estimate the relationship between
strong precipitation episodes over ENEB and precondi-
tioning occurrences of atmospheric and oceanic behaviors.
This preliminary investigation was conducted over the rainy
season of a three-year period (2004 to 2006) that included a
representative number of strong rainfall episodes (hereafter
defined as rainfall anomaly >+10mm·day−1). It was pointed
that a significant percent of such strong rainfall episodes were
associated to EW events. These cases (hereafter noted “true
alarms”) are the focus of our study, and they are largely
documented in the present paper. Cases of strong rainfall
anomaly not directly linked to EWs (hereafter noted “false
alarm” cases), as well as marked EWs which did not have
been followed by strong rainfall events, are not directly
addressed in this study.
This paper is outlined as follows. Datasets are presented
in the second section. An early diagnostic analysis, which
used the three meteorological variables reported above (pre-
cipitation, MCS, EW) to select twelve occurrences during
2004–2006, is described and discussed in the third section.
Further analyses using atmospheric and oceanic variables are
developed and discussed in the fourth section. A conclusion
is provided in the last section.
2. Datasets
The observed daily precipitation originated from two data-
sets. The 2004–2006 in situ daily datasets were constructed
from an array of 682 meteorological stations in ENEB, with
a higher spatial density in the coastal region east of 37◦W
(Figure 1(a)). These rainfall data were obtained from Brazil-
ian regional meteorological services of Alagoas, Bahia, Ceara´,
Paraiba, Pernambuco, Rio Grande do Norte, and Sergipe
States. The second precipitation dataset was extracted from
the Global Precipitation Climatology Project (GPCP) [18]
on a 1◦ × 1◦ regular grid over all of NEB for the period
1997–2006. The GPCP dataset is composed by a combination
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of in situ observations with satellite microwave and infrared
measurements. Although the spatial distributions of the
data are quite diﬀerent between these two data sources, the
monthly rainfall averages over the same area (limited here by
the in situ data source; Figure 1(a)) are very similar during
the studied period 2004–2006 (Figure 1(b)). The seasonal
variability is well marked, with maximum rainfall during the
first semester (up to 6mm·day−1) and very low amount of
precipitation during the rest of the year. The interannual and
intraseasonal variabilities (Figure 1(b)) are also significant,
as, for instance, the exceptionally high precipitation observed
in January (January is not considered as belonging to the reg-
ular wet season.) 2004 (∼12mm·day−1) which was double
of the monthly average precipitation recorded during the
rainy season and the relatively low value of precipitation in
April 2005 which was about the half ofMarch andMay values
for the same year.
MCSs are usually identified by satellite digital images in
the thermal infrared channel [19–21] and by meteorological
radar [13]. In this study, we used the Me´te´osat-7 images
over the area 25◦N−25◦S; 35◦W−20◦E from January to June
during 2004, 2005, and 2006. These data were processed
and archived at Centro de Previsa˜o do Tempo e dos Estudos
Clima´ticos of Instituto Nacional de Pesquisas Espaciais
(CPTEC/INPE) and were available in 30-minute intervals
with a horizontal resolution of 5 km× 5 km at the subsatellite
point. During its lifespan, each MCS moves, changes of
form, intensity, and size, grows, decreases, dissipates, splits,
or merges into one or more systems. To track each event in
space and time during its full lifespan, it is necessary to use
a method that is able to adapt to successive characteristic
changes of the MCSs. Developed at CPTEC/INPE to ana-
lyze the physical characteristics of MCSs throughout their
lifespan, the ForTraCC model [22] was used to track the
convective systems during the three-year studied period. For-
TraCC was previously adapted to diﬀerent regions, primarily
continental [23–27]. We used here a special adaptation (see
Kouadio et al. [28] for more information) for tracking the
MCSs over the ocean.
The EWs are depicted by the unfiltered relative positive
vorticity computed from the wind field at 700 hPa [11].
Molinari et al. [29] noted higher amplitudes of the easterly
waves over Africa at 700 hPa than at 900 hPa. Laurent et al.
[13] also have shown that MCS propagations are associated
with the midlevel flow with a best fit at 700 hPa during
easterly regime. We extracted these data from the National
Center for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) 1997–2006 reanalysis
[30] for the same periods as those for the Me´te´osat-7
images. Daily data of unfiltered relative positive vorticity
were reported on a 2.5◦ × 2.5◦ grid.
Complementing the three meteorological variables des-
cribed above, daily vertical profiles (500–1000 hPa) of zonal
wind, vertical velocity, specific humidity, and latitude-longi-
tude patterns of latent heat (LH) were extracted from the
daily outputs of the NCEP-NCAR 1997–2006 reanalysis [11,
30] for the same oceanic study domain.
Weekly SST anomaly fields were derived from the weekly
SST 1993–2006 climatology of Reynolds et al. [31] for
a better insight into the low-frequency variability of the
oceanic thermal conditions and to compare the departure of
SST and oceanic heat content. These data, extracted from the
IRI/LDEO Climate Data Library (http://iridl.ldeo.columbia
.edu/), were provided on a 1◦ × 1◦ grid. HC was defined as
the oceanic heat content within the layer between the surface
and the depth of the 20◦C isotherm. HC weekly values were
computed on a 1◦ × 1◦ grid for the period 1993–2006
through an original combination of variables processed
within a 1.5 reduced gravity model [31]. These variables
were the following: (i) weekly altimeter-derived sea level
anomalies from Archiving Validation and Interpretation of
Satellite Oceanographic Data (AVISO) (http://www.aviso
.oceanobs.com/), (ii) weekly SST from the Tropical Rainfall
Measuring Mission (TRMM) microwave imager (http://disc
.sci.gsfc.nasa.gov/precipitation/documentation/TRMM
README/TRMM 2A12 readme.shtml), and (iii) monthly
climatic subsurface hydrological data from the World
Ocean Atlas 2001 (WOA01) (http://www.nodc.noaa.gov/
OC5/WOA01/pr woa01.html). Details of the methodology
employed are described by Arruda et al. [32] and Arruda and
Lentini [33].
3. Diagnostic Analysis and Selection of
the “True Alarm” Events
The three panels of Figure 2 show MCS behaviors in the area
5◦N–12.5◦S; 40◦W–20◦E for the January to May periods in
2004, 2005, and 2006 (panels (a), (b), and (c), resp.). The sea-
sonal average of the monthly precipitations during January-
to-May is also represented. Due to the large amount ofMCSs,
only those with a westward lifespan longer than 10 hours and
those that dissipated between 2.5◦S and 12.5◦S are illustrated.
Neither the curves of the trajectories nor the spreading
surfaces of the MCSs are represented; instead, the onset
represented by black dots on the figure, and dissipation
coordinates are depicted and linked by a straight line. In
order to keep a continuously MCS life cycle, the onset (dissi-
pation) coordinates are defined as being the positions of the
MCSs in the first (last) available images where the brightness
temperature is less (greater) than a specific threshold as
function of the diurnal cycle (for details see [28]). Figure 2
shows that the MCSs were essentially spread out into three
regions. Two regions with a larger meridional extension and
a higher MCS density are as follows: a first one inWest Africa
with a westward extension up to 5◦E, a second one from
20◦W to the South American coast. The third region, with
a weaker MCS density, was trapped along the zonal band
between the Equator and 5◦S, from 20◦W to 5◦E. Many MCS
occurrences during January to May regenerated by multiple
phenomena of merges or splits (not shown). The MCS
tracking showed four interesting behaviors: (i) all MCSs that
started in Africa dissipated towards 5◦E and never reached
NEB (or at least they were not visible from the ForTraCC
analysis); (ii) all MCSs that dissipated close to the South
American coast initiated at west of 20◦W; (iii) most of the
MCSs that were moving northward or southward in the
western Atlantic converged thru the coastal ENEB; (iv) a lack
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Figure 2: MCSs (lifespan > 10 hours) that moved westward in the area 5◦N–12.5◦S, 35◦W–20◦E during January–May in (a) 2004, (b) 2005,
and (c) 2006 are depicted by straight lines linking onset (black dots) and dissipation coordinates. Shaded contours represent seasonally
average of the monthly precipitations (mm·month−1) in JFMAM.
of MCS was noted at south of 5◦S, that is, over the southern
subtropical high.
To understand the importance of the MCSs in the ENEB
precipitation regime and to verify how these systems are
related to the large scale positive vorticity anomalies, the
monthly rainfall averaged over ENEB was plotted together
with the monthly number of MCS occurrences along the
Brazilian coast, and the monthly positive unfiltered relative
vorticity at 700 hPa over the southern tropical Atlantic.
Figure 3(a) shows the seasonal monthly rainfall averaged
from the GPCP dataset during 1997–2006 over ENEB and
the averaged monthly vorticity at 700 hPa, during the same
period, over the region 2.5◦S–12.5◦S; 40◦W–20◦E. Both
datasets are in very good agreement, showing a larger pre-
cipitation signal (>3mm·day−1) during the wet season,
simultaneously with an increase in positive unfiltered relative
vorticity (>7 10−8·s−1). Indeed, the monthly average vor-
ticity is higher (×1.5 times) during the first semester
than during the rest of the year, indicating an increasing
of EW occurrences during that period over the southern
tropical Atlantic basin. The evolutions of these two former
monthly parameters were plotted together (Figure 3(b)) with
a monthly index of MCS occurrences during the three years
studied here (2004-2005-2006). On this figure, the monthly
index of MCS occurrences is represented by the monthly
number of MCSs, (The MCS monthly index value was not
plotted when there swas a lack of Me´te´osat data imagery
longer than 15 days during a given month.) (with lifespan >
2 hour) which moved in the westward direction inside the
region 2.5◦S–12.5◦S; 35◦W–20◦W. The seasonal evolution
of this MCS index (dashed line) was similar to that of the
ENEB precipitation (solid line, in mm·day−1) and monthly
vorticity index (light dashed line, in 10−7·s−1); a high (low)
number of MCSs was generally associated with abundant
(low) precipitation over the ENEB and strong (weak) positive
unfiltered relative vorticity.
These last results indicate a monthly relationship
between positive westward propagation of positive unfiltered
relative vorticity over the southern tropical Atlantic, MCS
occurrences over the west southern tropical Atlantic, and
strong precipitation events over the ENEB. To look in
details of this relationship at a higher frequency, a daily
analysis was performed over these variables during the first
semesters of the three studied years. Figure 4 shows the
positive daily vorticity at 700 hPa averaged between 2.5◦S
and 12.5◦S along 40◦W–20◦E for the first semester of 2004,
2005, and 2006 (panels (a), (b), and (c), resp.). Many EW
trains crossed the Atlantic basin from West Africa to South
America. All the occurrences of strong positive anomalies of
daily (GPCP) precipitation (>10mm·day−1) over ENEB are
shown in Figure 4 by black dots along the meridian 36◦W,
that is, about the mean longitude of the coastal line of this
subregion (see Figure 1(a)). These rainfall anomalies were
computed as the diﬀerences between the GPCP daily rainfall
values, averaged inside the domain 2.5◦S–12.5◦S; 40◦W–
35◦W during the three semesters of 2004, 2005, and 2006,
and the climatic precipitation averaged over the same region
during the same calendar days for the period 1997–2006.
A large part of the strong rainfall events (some of them
lasting more than one day) appeared to be directly related
to EWs. Focusing on these last episodes (i.e., the “true
alarms”, as defined previously), we selected the EWs with
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Figure 3: (a) Monthly climatology averaged for the period 1997–2006 of GPCP rainfall (solid line, mm·day−1) calculated over ENEB and
700 hPa positive vorticity (light dashed line, 10−8·s−1) inside the area 2.5◦S–12.5◦S, 40◦W–20◦E. (b) Same as (a) during the three years
2004–2006; Monthly number of MCSs (lifespan > 2 hours) that moved westward (dashed-dotted line) from 20◦W up to ENEB and had a
dissipation coordinate ranging between 2.5◦S and 12.5◦S.
the following characteristics: (i) they started (at least) east of
20◦W; (ii) they had a duration higher or equal to three days;
(iii) they reached (at least) the coast of ENEB (i.e., 36◦W)
thesame day (or the first day) of the noted strong rainfall
episodes; (iv) they were associated with one or more strong
MCSs (lifespan > 2 hours) that moved westward in the vicin-
ity of ENEB. This simple diagnostic technique highlighted
twelve cases, five during the first semesters of 2004 and 2005
and two during the first semester of 2006. These twelve EW
occurrences, shown in Figure 4 by dashed lines from the day
of the onset spots of the waves (marked by squares) to the day
(or the first day) of the strong rainfall spots (marked by black
dots), had a phase speed ranging between 5.2 and 11.9m·s−1
(average of 4.9m·s−1) and a period ranging between 3 and 8
days (average of 4.9 days) (see Table 1). Eleven of these twelve
selected EWs started in the open ocean west of 5◦E; only
one event (in June 2004) initiated very close to the African
continent, at 10◦E.
Two other scenarios were also observed in Figure 4.
According to the first scenario, it seems that for a smaller
number of cases (e.g., in May 2004, June 2005, June 2006)
the strong rainfall events (anomalies > 10mm/day) were not
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Figure 4: 700 hPa daily positive vorticity (10−5·s−1) from January–June in (a) 2004, (b) 2005, and (c) 2006 along 40◦W–20◦E averaged
between 2.5◦S and 12.5◦S. The vertical solid line at 10◦E represents the approximate eastern limit of the African continent. Positive strong
daily rainfall anomalies (>10mm·day−1) over ENEB are schematized by black dots at 36◦W. Selected EW onsets, marked by squares, are
connected by a dashed line to the strong rainy events.
associated with marked EW occurrences. These strong
anomaly events can be explained by the further ocean-atmos-
phere physical processes already presented in the introduc-
tion, that is, the abnormal southward migration of the ITCZ
[1] or the incursions of cold fronts coming from the South
Atlantic [8]. The second scenario, depicted here as “false
alarms”, related some EWs in 2004, 2005, and 2006 which
were not associated to strong rainfall events over ENEB.
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Table 1: Characteristics of the twelve selected events observed in 2004, 2005, and 2006. The day (or first day) of strong rainfall episode over
ENEB, duration (days) of strong rainfall episode, EW onset date, lifespan (days) of EW, EW virtual velocity (m·s−1) are given for each event.
Year
Day (first day) of the strong
rainfall episode
Duration of the strong
rainfall episode (days)
EW onset date Lifespan of EW (days)
EW virtual velocity
(m·s−1)
2004
Jan 14 1 Jan 11 3 11.9
Feb 04 2 Jan 31 4 8.3
Feb 25 1 Feb 17 8 5.2
Feb 28 1 Feb 25 3 8.5
Jun 01 1 May 28 4 11.7
2005
Feb 15 3 Feb 9 6 6.8
Mar 27 4 Mar 24 3 8.5
May 02 1 Apr 25 7 5.7
May 23 1 May 15 8 6.5
Jun 23 3 Jun 16 7 5.2
2006
Mar 23 2 Mar 20 3 8.8
Apr 30 1 Apr 27 3 7.8
Average 4.9 7.9
Such both scenarios will be discussed in an earlier work to
help in the extended understanding of the ocean-atmosphere
conditions that influence the strong rainfall episodes on
ENEB.
We will now focus on the twelve strong rainy events
which were associated with westward positive unfiltered rela-
tive vorticity anomalies. As one example, Figure 5 shows the
20–23 March 2006 event which had an EW/positive anomaly
of 3-day lifespan with a velocity of 8.8m·s−1 resulting in a 2-
day strong rainfall event starting March 23 (see Table 1). The
left panel of Figure 5 is related to the daily latitude-longitude
pattern of the propagation of the 700 hPa unfiltered relative
vorticity (×10−5 s−1) from the day of the EW initiation (20
March) up to the first day when the strong rainfall episode
was observed in ENEB (23March). Two cells of vorticity were
noted inside the 2.5◦S–12.5◦S latitudinal band: the first one
is close to the African continent and stopped at around 0◦E,
thus without influence over NEB precipitation. The second
cell of vorticity initiated at around 10◦W (March 20) and
propagated westward up to the American continent. On the
right panel of Figure 5 the date of the first day of strong
rainfall over ENEB (March 23) is marked by a dot, and the
westward MCS trajectories (>2-hour) with various life cycles
are superimposed. These MCS westward trajectories fol-
lowed and embedded the second EW from March 22,
indicating propagating convective activities between 20◦W
and ENEB, in agreement with what was suggested by Bartels
and Maddox [34]. Furthermore, the intermittent episodes of
dissipation/initiation merging/splitting of MCS could have a
positive feedback in intensifying the positive vorticity.
Figure 6 shows two examples of MCS behavior at 30
minutes interval. These two events were chosen because the
duration and space scale of the two associated strong-rainy
episodes were very diﬀerent from each other (see Table 1).
The first strong-rainy episode (Figure 6(a)) lasted four days
(27–30 March 2005), while the second event (Figure 6(b))
lasted only one day (30 April 2006). The 30-min spreading
areas (represented here as circles proportional to the cloud-
covered area) of the MCSs related to the event of 27–30
March 2005 were considerably larger and covered the whole
ENEB, some of them spreading above the ocean up to 25◦W.
Their centers of mass were found between the longitudes
36◦W and 30◦W. In contrast, the spreading areas of the
MCSs related to the 30 April 2006 event were small and only
partially covered the ENEB. Furthermore, their centers of
mass were mainly localized close to the coast.
Interesting complementary information of the ENEB
rainfall during the full years of 2004, 2005, and 2006 is illus-
trated in Figures 7 and 8. Figure 7 shows the daily time series
of the GPCP precipitation anomalies over the study region.
Twenty-four strong episodes (anomaly > 10mm·day−1) were
observed during each first semester of the 3-year period:
thirteen in 2004, seven in 2005, and four in 2006. The twelve
previously selected events associated with EWs are indicated
by stars on Figure 7. They represented a suitable proportion
(half of the cases) of the strong rainfall episodes, especially
in 2005 when the proportion exceeded 70% of the cases.
Figure 8 shows the ratio between the daily rainfall amount
during each calendar day and the cumulatedmonthly rainfall
amount calculated during the current month. Only the
months with at minimum one selected event are illustrated.
The twelve selected events are marked by black bars for one
or more successive days (maximum 4 days). As noted above,
the individual contribution of the selected events was espe-
cially higher in 2005; for example, the 3-day (4-day) event
selected in February 2005 (March 2005) had a cumulative
precipitation representing 60% (48%) of the total amount
for the corresponding month.
4. Overview of the Atmospheric
Circulation and Ocean Thermal Conditions
during the Selected “True Alarm” Events
Specific conditions of atmospheric circulation and oceanic
patterns that could help in triggering and sustaining the
selected “true alarm” rainy events are discussed in this
section. The following variables have been analyzed during
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Figure 5: Zoom over the event of 20–23 March 2006: (a) daily pattern of the 700 hPa unfiltered positive vorticity (×10−5 s−1); (b) the cor-
responding time-longitude diagram along 40◦W−20◦E averaged on 2.5◦N−12◦5S. The date of the first day of strong rainfall over ENEB is
marked as dot. The westward MCS trajectories (>2 hours) are plotted.
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Figure 6: Two examples (27–30March 2005 (a) and 30 April 2006 (b)) at 30-minute interval of the spreading behaviors ofMCSs (represented
as circles with proportional area and centers of mass as crosses) that were associated with the two corresponding strong rainy selected events
(see Table 1 and Figure 7).
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Figure 7: Daily time series of GPCP anomalies (mm·day−1) calculated over ENEB in 2004 (a), 2005 (b), and 2006 (c) from the climatic
precipitation, averaged over the same region during the same calendar days for the period 1997–2006. The horizontal dashed line at
10mm·day−1 represents the limit used to identify the strong precipitation episodes. The twelve selected events are marked by stars (see
Table 1 and Figure 8). The tick marks on the x-axis represent the first day of corresponding month.
the twelve episodes inside the south-equatorial oceanic
basin (2.5◦S–12.5◦S; 40◦W–20◦E): zonal wind, vertical veloc-
ity, and specific humidity within the troposphere (500–
1000 hPa), as well as LH, SST, and HC. Twelve-event-com-
posite patterns of the atmospheric (oceanic) parameters were
constructed by averaging the daily (weekly (For SST and HC,
we selected the week the closest of the daily events.)) values
during the twelve periods occurring just before the date of
the twelve selected strong rainfall events. These periods (as
described in Figure 4 and in Table 1) were defined as starting
the day of the EW/positive vorticity event onset and ending
the day (or first day) of the observed strong rainfall episode.
The composite anomalies were computed during the same
calendar periods using the arithmetic diﬀerences between
the previous 12-event-composite patterns and the composite
patterns using the long-term climatology databases (1997–
2006 for the atmospheric variables and SST for Figures 9–
13 and 1993–2006 (The 1971–2000 reference is the original
SST reference period used by Reynolds et al. [31] but here
we used the 1993–2006 reference period (see Figure 14) to
compare the SST anomalies with the HC anomalies during
the available period of HC dataset [32].) to compare SST
and HC on Figure 14). Moreover, for a better insight into the
low-frequency variability of the oceanic thermal conditions,
we computed and compared the departure of SST and HC
during each first semester of the 3-year study.
4.1. Atmospheric Circulation Variability. Figure 9 shows the
altitude-longitude zonal wind composites for the twelve
selected events (Figure 9(a)) and their associated anomalies
(Figure 9(b)), averaged over 2.5◦S–12.5◦S along 40◦W–20◦E
from 500 to 1000 hPa. The dashed vertical line around 36◦W
represents the mean longitude of the ENEB coast. Negative
zonal-wind values (in m·s−1) in the lower layer are related to
the usual easterly trades, with maxima (>6.0m·s−1) within
the longitudes 30◦W–15◦W (Figure 9(a)). An abnormal
intensification of these easterlies (>0.5m·s−1) was noted in
the departure composite of the selected events in the 700–
1000 hPa layer, particularly within the longitudes 20◦W–
5◦E (Figure 9(b)). Notably, this band corresponds to the
longitudinal band where the selected EWs started (see
Figure 4).
Figure 10 depicts the altitude-longitude composite dia-
grams of the vertical velocity (in 10−3 hPa·s−1) over the same
area. Negative values indicate an upward motion of air,
which can carry moisture from the ocean to the troposphere,
while positive values indicate a subsidence of air. Both the
composite pattern (Figure 10(a)) and the composite anomaly
pattern (Figure 10(b)) illustrates what occurred, on average,
during the twelve selected events. The vertical motion com-
posite shows an upward motion within the whole tropo-
sphere in the western basin, whereas it was weakly downward
east of 20◦W except just above the sea surface, where it was
10 Advances in Meteorology
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Figure 8: Ratio (%) between individual daily rainfall amount and monthly cumulative rainfall amount during the months when one or
more selected events occurred. The twelve selected events (from 1-to-4 day duration; see Table 1) are marked by black bars.
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Figure 9: Altitude-longitude composite values (a) and composite anomalies (b) of zonal wind (m·s−1) averaged over 2.5◦S–12.5◦S during
the periods of the twelve selected events from the onset of EWs until the day (or first day) of strong rainfall anomaly episodes over ENEB.
The vertical dashed line at 36◦W schematizes the mean longitude of littoral ENEB. Easterlies (negative values) are shaded.
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Figure 10: Same as Figure 8 but for the vertical velocity (10−3 hPa·s−1). Upward motion (negative values) is shaded.
continually upward all along the basin. The high upward
motion identified on the composite diagram above ENEB
(>0.04 10−3 hPa·s−1) strengthened on an average by about
25% (0.01 10−3 hPa·s−1) for the twelve selected events in the
region where large MCS densities were mostly observed.
Analogous to the zonal wind (Figure 9) and vertical
velocity (Figure 10) analyses, altitude-longitude composite
diagrams of the specific humidity (in g·kg−1) are presented
for an average of the same twelve selected events (Figure 11).
The composite pattern (Figure 11(a)) shows a moistened
atmosphere with values higher than 12 g·kg−1 within the
lower layers (900–1000 hPa) all along the basin. While the
vertical specific humidity stratification was quite stable in
the open ocean, the composite pattern of Figure 11(a) indi-
cates a similar slow increasing of that variable in the whole
atmospheric column close to the two continents., The 12-
event composite anomaly pattern (Figure 11(b)) shows a
moisture deficit (∼−0.2 g·kg−1) close to the African conti-
nent and an excess of moisture (up to + 0.6 g·kg−1) through-
out the whole vertical atmospheric column above in the
vicinity of ENEB.
To further investigate the moisture exchange process that
developed at the sea surface during the selected events, we
calculated the LH flux composites in a manner diﬀerent from
that used for the last three parameters. The analysis was
performed inside the same region 2.5◦S–12.5◦S; 40◦W–20◦E.
The top panels of Figure 12 show the 12-event-composite
latitude-longitude LH patterns that were computed for the
days of EW onsets (Figure 12(a)) and the days (or first days)
of the selected strong rainfall episodes observed over ENEB
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Figure 11: Same as Figure 8 but for the specific humidity (g·kg−1). Positive values are shaded.
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Figure 12: Latitude-longitude composite values ((a), (b)) and composite anomalies ((c), (d)) of LH flux (W·m−2) during the onset of EWs
((a), (c)) and during the day (or first day) of strong rainfall anomaly ((b), (d)) over ENEB. Positive values (energy lost by ocean evaporation)
are shaded.
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Figure 13: Latitude-longitude composite values (a) and composite anomalies (b) of SST (◦C) averaged during the periods of the twelve
selected events from the onset of EWs until the day (or first day) of strong-rainfall anomaly episodes over ENEB. Positive values are shaded.
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Figure 14: Time-longitude SST anomaly ((a), (b), (c)) (◦C) and HC anomaly ((d), (e), (f)) (KJ·cm−2) averaged over 2.5◦S–12.5◦S for the
periods January–June of 2004 (top), 2005 (middle), and 2006 (bottom). Positive values are shaded. The horizontal signatures of the twelve
selected EW events are shown by dashed lines.
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(Figure 12(b)). Positive LH values (from 80 to 180W·m−2),
related to energy loss by evaporation from the ocean to the
atmosphere, were noted in the whole study domain. The LH
maximum (>180W·m−2) occurred within the longitudes
10◦W–3◦E at the onset of the EW 12-event composite
(Figure 12(a)) and then slightly decreased and displaced
westward up to 13◦W–8◦W until the day (or first day) of
the strong rainfall 12-episode composite (Figure 12(b)). The
region of LH maximum was practically the same region as
that one which was already identified for the intensification
of the trades (see Figure 9(b)). It also coincided with the region
where the SST was greater than 27◦C (see Figure 13(a)). The
bottom panels of Figure 12 show the LH 12-event-composite
departures. On average, excess evaporation was noted at the
EW 12-onset composite (Figure 12(c)) in the mideastern
basin (east of 20◦W), with a maximum departure of up
to 50W·m−2 centered within 10◦S–2◦W. Conversely, the
negative LH anomaly (<−10W·m−2) in the western basin
(west of 20◦W, i.e., where the SST is generally >28◦C; see
Figure 13(a)) indicated a simultaneous, moderate decelera-
tion of evaporation. The evaporation deceleration intensified
in the vicinity of the ENEB coast (<−20W·m−2) within the
day (or the first day) of the strong rainfall 12-episode com-
posite (Figure 12(d)). Concurrently, the high evaporation
excess observed in the mideastern basin decreased drastically
in amplitude and extension but remained strongly positive
(∼30W·m−2).
As a summary of the above results, the atmospheric
composite behavior averaged during the twelve selected
events can be interpreted as follows. An excess of evaporation
occurred in the mideastern region of the south-equatorial
Atlantic basin. This excess of moisture was transported
westward by the stronger-than-normal trades. Additionally,
an active EW synoptic system was present in the region trig-
gering convection and helping the convection organization
in the mesoscale system. The resultant moisture accumula-
tion in the western basin fed the MCSs over the ENEB, which
led to strong rainfall episodes and, in turn, reduced evapo-
ration in the western south-equatorial basin. These changes
in the ocean-atmosphere interaction process were consistent
with similar scenarios previously analyzed at the global scale
[35] and in the equatorial Pacific [36–39].
4.2. Oceanic Thermal Conditions. We investigated the ther-
mal conditions of the surface and subsurface ocean that
occurred inside the oceanic studied region during the twelve
selected events. Figure 13 shows the 12-event-composite
and the 12-event-composite anomaly latitude-longitude pat-
terns derived from the weekly SST 1997–2006 climatology
of Reynolds et al. [31]. High values of SST (>25◦C)
were observed in the entire southern-equatorial basin
(Figure 13(a)), with the highest SST (>28◦C) in the vicinity
of ENEB. The SST composite anomaly (Figure 13(b)) shows
limited ocean cooling (<−0.2◦C) close to the African coast
north of 7◦S, whereas positive SST departure (>+0.1◦C)
was noticed oﬀ African coast south of 7◦S throughout the
entire midwestern basin and especially in the vicinity of
ENEB where the warming reached + 0.2◦C. A similar inverse
relationship between warming SST and decreasing LH (see
Figures 12(c), 12(d)) has been observed in the tropical-
western Pacific [35–38] when the lower atmosphere becomes
more convectively unstable.
Figure 14 shows the weekly SST and HC departures
along 40◦W–20◦E, averaged into 2.5◦S–12.5◦S during each
first semester of 2004 (top), 2005 (middle), and 2006
(bottom). The dashed lines represent the trajectories of the
twelve selected EWs. Generally, SST and HC anomalies were
strongly positive (SSTa > 0.4◦C; HCa > 1000 KJ·cm−2)
during long periods that included the selected events. This
is especially true for the first four events of 2004 (between
January and March), the three events April to May 2005
and the two events of 2006; however, positive SST and HC
anomalies were not as clear for the remaining events, such as
the June 2004 event. Because the ocean climate low-
frequency variability (especially in the subsurface) is much
diﬀerent from the short-frequency variability of the atmo-
spheric circulation, it is not surprising that the ocean thermal
anomaly pattern does not perfectly match the atmospheric
time scale of the selected events. Independent studies (J. Ser-
vain, pers. comm.) that used the observed 0–300m HC from
the Prediction and Research Moored Array in the Tropical
Atlantic (PIRATA) array in the tropical Atlantic [40, 41]
during the same years are in complete agreement with the
present HC results.
5. Conclusion
This study details a relationship between westward pos-
itive unfiltered relative vorticity over the southern tropi-
cal Atlantic, MCS occurrences over the western southern
tropical Atlantic, and strong rainfall events (anomaly >
10mm·day−1) over the ENEB. The results show evidence of
oceanic-atmospheric processes responsible for these strong
precipitation episodes. These processes, named here “true
alarms”, include a combination of atmospheric variables
initially based on EWs/positive vorticity anomalies which
initiate at east of 20◦Wand propagate westwards with amean
velocity of about 8m·s−1 reaching the eastern longitude
of ENEB in a few days. When approaching the American
continent, they are associated with westward MCS develop-
ment that, in turn, induces strong rainfall events over ENEB.
A series of twelve strong rainfall episodes selected during a
testing period of three years (2004-2005-2006) contributed
to a significant amount of precipitation over the ENEB, able
to reaching up to 70% of the daily occurrences and 60% of
the total monthly rainfall amount.
A composite analysis averaging atmospheric and oceanic
conditions over the south-equatorial Atlantic basin during
the twelve selected events allowed for the reconstruction of
the mean climatic scenario that could be strongly respon-
sible for these rainfall episodes over ENEB. This scenario,
associated with intensification of the easterly trades and
increasing of the vertical dynamic instability, leads to for-
mation of EWs [42] in the mideastern part of the south-
equatorial basin. During this specific event, the ocean lost an
excess of latent heat by evaporation. The resultant westward
advection of that excess of moisture reaches the American
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continent. Upward motion and excess specific humidity in
the troposphere within the western region can then increase
the organized deep convection [43, 44], thus favoring strong
rainfall episodes over ENEB [45]. As a collateral eﬀect
explained by this regional convection [37], the latent heat
flux diminishes in the western-subequatorial basin, where
SST is especially high.
Atmospheric scenarios such as the one described above
seem to develop during positive SST anomaly episodes in the
south-equatorial Atlantic basin fromAfrica to America. High
SST aﬀects the air temperature and the moisture properties
in the atmospheric boundary layer through turbulent fluxes
above the sea surface [46–48]. Furthermore, such episodes
occur generally during a low frequency powerful warming
within the subsurface oceanic mixing layer. When combined
with an active synoptic EW, our study suggests that low-
frequency higher than normal heat content in the upper
layer of the south-equatorial Atlantic can be favorable to
control hydrodynamic mechanisms leading to strong rainfall
occurrences over ENEB.
Ocean-atmosphere processes that can be monitored in
real-time (e.g., from satellite-observed winds and from sur-
face and subsurface variables deduced from PIRATA) have
the potential to improve the forecasting of strong precipita-
tion episodes during the seasonal rainfall over ENEB (e.g.,
the last episodes that occurred in 2010, see Note 1) and thus
increase our warning capacity for severe weather conditions
in that region. In counterpart to future observational and
diagnostic eﬀorts, coupled-model simulations could give one
useful dynamical basis for such ocean-atmosphere processes.
Such initiatives are encouraged to better explain the observed
phenomena. That is the focus of the program Centro de
Alerta de Fenoˆmenos Extremos (CAFE) financed by the Bra-
zilian Financiadora de Estudos e Projetos (FINEP).
In parallel to these incoming numerical studies related to
the ocean-atmospheric process analysed here and as a nec-
essary complement to apprehend the full dynamics, further
analyses are also in progress to understand why, sometimes,
“false alarms” depicted by some EWs are not associated to
strong rainfall events over ENEB and, symmetrically, why,
sometimes, strong rainfall events over ENEB are not asso-
ciated to marked EW signatures.
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